The diffraction of electromagnetic waves at the surface periodic structures accompanied by strong anomalous effects in different diffraction orders is considered in great detail for highcontrast interfaces. We restrict our discussion to the TM polarization of the incident wave (the magnetic field is orthogonal to the plane of incidence) and the simplest geometry when the plane of incidence is orthogonal to the grating grooves. The most attention is focused on the strong maxima and minima of the energy flux density accompanying specific grazing propagation of some diffraction order. Relation to other anomalies, both Rayleigh and the resonance ones is discussed as well.
Introduction.
It has been well known since the early 1900s that the light diffraction on metal gratings is accompanied by a number of strong spectral and angular anomalies which manifest themselves in the fast dependence of the intensities on the wavelength and/or angle of incidence. The pioneer work on the subject was performed by R. Wood in 1902 [1] with metal gratings. The first physical interpretation of some of the observed peculiarities was presented by Lord Rayleigh in [2] . He associated them with the branch points related to diffracted waves (i.e., with the transition from the outgoing wave to the evanescent (decaying) one and vice versa in different diffracted orders). Such an explanation is incomplete due to the fact that some Wood anomalies are to be attributed to the resonance excitation of the surface electromagnetic wave at the metal/air interface. Such interpretation was first proposed by U. Fano, [3] . The resonantly excited waves are called the surface plasmon polaritons (SPPs), [4] . The resonance anomaly is still widely discussed due to its perspective role in nanophotonics. Later, Wood caught site of one more anomaly relating to the anomalously high intensity of the grazing outgoing wave: ''…the spectrum leaving at grazing emergence, which is the one which governs the appearance of the anomalous bands, is very bright." [5] Below the anomalies attributed to the grazing propagating waves are referred to as GA (Grazing Anomaly).
It is essential that the Rayleigh anomaly exists for an arbitrary interface and light polarization. However, it is much more pronounced for the high-dielectric contrast interface and for TM (transverse magnetic) polarization if the media we are dealing with are nonmagnetic. In what follows we restrict the consideration to the nonmagnetic case only. The results for the magnetic case can be obtained by replacing the dielectric permittivity, ε , with the magnetic permeability, µ , and the TM polarization by the TE one and vice versa.
The resonance anomaly can exist only for such interfaces that support surface electromagnetic waves (SEW). GA anomaly is rather universal and is well expressed for high contrast interfaces for TM polarization. To the best of our knowledge, it was first discussed theoretically in [6] .
Consider briefly the main properties of these anomalies. The branch (Rayleigh) point anomaly is of general type, its position can be easily obtained from the Bragg diffraction conditions and it exists for arbitrary polarization and interfaces. However, it is more significant for metals under TM polarization. At the Rayleigh point the derivative of the diffracted wave intensity with respect to the wavelength or angle of incidence turns infinity. The resonance anomaly is less general because it is caused by existence of well-defined eigenmodes of the interface. 1 For isotropic and nonmagnetic dissipation-free media such surface-localized electromagnetic waves do exist under the conditions 0 ε < , 
The square root symbol stays for the main branch, so that ( )
The SPP is TM polarized, i.e., if it propagates along the interface 0 z = in Ox direction then its magnetic field, H , is directed along Oy direction, 
, , Re, Im 0
In the specific case of SPP, the quantity ( ) p Q is zcomponent of the wavevector in the dielectric and for dissipation-free media it is pure imaginary under the 1 We restrict our consideration to the interface of two homogeneous isotropic nonmagnetic media, e.g., metal and dielectric. If between these two media exists some third one (even very thin layer), then additional to SPP resonances can occur, [7] . For anysotropic media the resonance can be caused by other than SPP surface modes, e.g., Dyakonov ones, see [8] and citations therein. 
where x e is the unit vector directed along the Ox axis. In other words, the diffracted field is given by the FloquetFourier expansion, [7, 9] . In (3) the sign minus before ( ) n p q stays to satisfy the radiation boundary conditions at z = −∞ . Restriction of the outgoing waves (and evanescent decaying ones) within the whole halfspace
use of the Rayleigh hypothesis, [2] , and is not restrictive even for rather deep gratings, see recent discussion in [7, 9, 10] . Consequently, if for some specific integer n the condition n Q q ≃ holds true, then for the appropriate polarization of this diffracted wave the resonance excitation of SPP takes place. It is significant that SPP is an evanescent wave and thus the magnitude of the corresponding diffracted order can exceed essentially that of the incident wave. Specifically, in the simplest geometry, when q is orthogonal to the grating grooves, ( ) , 0 q = q , 0 q > , only TM component of the incident wave can excite the SPP. 2 Also, it worth mentioning that for the modulated interface the SPP resonance center experiences shift in comparison with the "naked" condition, n Q = q . However, the SPP resonance in the majority of experimental situations in visible and near-infrared spectral regions seems to be rather evident to attribute. We would like to underline that the Rayleigh and the resonance anomalies are related to the specific and rather sharp dependence of the field amplitudes on the wavelength and angle of incidence. They can be considered on the basis of simple qualitative treatment. The treatment of the third 2 Noteworthy, in the simplest geometry the diffraction of TE and TM components of the incident wave are independent processes and thus can be considered separately. mentioned Wood anomaly cannot be accomplished without a thorough theoretical investigation. This obstacle is caused by the fact that the field amplitude changes monotonically within the anomaly. It can be shown that the corresponding quasiresonance behavior is characteristic for the intensity, not for the field amplitude. The method for considering this and other diffraction anomalies analytically was presented in [9] , see also a more detailed consideration in [11] [12] [13] .
Grazing incidence anomaly.
In this section, we present the brief summary of the results for the case of the simplest geometry which are essential for the further consideration. For the TM polarization of interest the magnetic field is orthogonal to the plane of incidence and thus possesses the y -component only, so that for the incident wave, 
where nng = + . Note, the diffracted field in (4) and below in (5) includes only outgoing (and evanescent) waves, i.e., here we use the Rayleigh hypothesis, [2] , restricting the expansion to the terms with z -dependence of the form ( ) 3 We use Gauss units so that the surface impedance ξ is dimensionless, and for nonmagnetic media
The profile Fourier series expansion is
The condition 0 0 ζ = corresponds to the specific choice of Oz axis origin. The Fourier series coefficients of the interface normal,
, can be expressed in terms of n ζ . Substituting into Eq. (6) the fields representations given in Eqs. (4), (5), expressing the electric field Fourier amplitudes, n E , in terms of the magnetic ones, n H , and equating terms with equal space dependence, we arrive at the infinite system of linear algebraic equations for the transformation
where the matrix of the system, ˆn ≪ , see [11] [12] [13] and below, so the expansions are very useful. For shallow gratings, we can restrict the series expansions of the coefficients to the main (linear) terms only, so that
Here n m δ stays for the Kronecker delta-symbol, and 2 , , ,
where sin α θ = , θ denotes the incidence angle, Z stays for the set of integers. Consider here the simplest (but of high interest) case of the grazing incidence, 0 1
That is the specular reflected wave with necessity is the grazing one. 3 The following considerations can be applied to the case of plane surface of metamaterials with periodically modulated electromagnetic properties such that the surface impedance is spaceperiodic,
The simplest geometry of the problem is such, when only one of the diffracted waves except the specular wave is outgoing from the interface, all other diffraction orders correspond to evanescent waves. This geometry is presented in Fig. 1 . Fig. 1 . Grazing incidence diffraction. The grating spacing, d , is supposed to be such that except the specular wave only the minus first diffraction order presents propagating wave, other diffraction orders correspond to evanescent ones, i.e., at q k
It should be emphasized, that among diffracted waves only the specular reflected one is close to the corresponding 
Here and below capital indexes denote all integers except zero, ˆ, ,
ĥ and V stay for the column vectors,
Let us present Eq. (13) in a more explicit form as well,
The submatrix D is diagonally dominat due to the fact that all nondiagonal elements are small as compared with unity and all diagonal ones are of order unity or greater. Thus, it can be easily inversed by means of the regular series expansion. Formally, we can express all nonspecular amplitudes, M h , in terms of the given parameters of the system and unknown at this stage amplitude 0 h as follows,
or, more explicitly,
Taking into account that according to Eq. (17) and Eq. (10),
rearrange Eq. (19) as
Substituting this expression into Eq. (17) we arrive at the closed linear equation for the specular TC,
Let, for brevity,
Then the solution of Eq. 
For the nonspecular TCs it follows identically, 2 , 1, 2,
where the subsidiary functions M U are ( )
It is essential that the coefficients M U experience only slow dependence on the parameters of interest in the vicinity of the point 0 β = , as well as the functions Γ and eff ξ .
Noteworthy, the quantity Γ can be expressed in terms of
In what follows we are dealing with rather smooth and shallow gratings so here we present the main terms of the necessary expansions. Let us introduce,
where ˆˆ, , ,
,
Then ( )
This series expansion converges under the condition ˆ1 T < , where stays for the appropriate matrix norm. It is important that this condition is not restrictive: it allows consideration of strong anomalies, see [9, [11] [12] [13] and below.
Moreover, strong anomalies hold for ˆ1 T ≪ . So, it is sufficient to restrict our consideration to the first terms of the corresponding initial expansions. With accuracy up to the second-order terms with respect to µ , ( )
After simple rearrangement, we obtain the alternative expression,
Consequently, up to the second-order terms it follows from Eq. (28),
Noteworthy, here the second-order terms are essential if the corresponding Fourier amplitude of the grating, M µ , vanishes or is anomalously small. Under this condition, the anomalous effects in M -th diffraction order are small and thus of low interest. Therefore, below we restrict our consideration to the linear term of
The main term of the quantity Γ expansion is the square one, ( )
Here we emphasize that the results obtained are valid for arbitrary angle of incidence for which all nonspecular reflected waves are far from their Rayleigh and resonance points, i.e., the inequality n β ξ ≫ holds for the integers 1, 2, 3, n = ± ± ± … . Only the specular reflected wave can be arbitrary close to the grazing propagation. The subcase 1 β ≪ is the specific one and its treatment cannot be carried out by means of the perturbation theory even for small grating height and inclinations, 1 
Energy flux extremes.
one can see that it possesses specific minimal value at some point, 
The ρ dependence on the angle of incidence in terms of the variable cos β θ = is illustrated in Fig. 2 . As it strictly follows from Eqs. (40), (38), (24), and it is easy to see from This is also clearly illustrated in Fig. 3 enlarges with the increase of the grating depth. Thereby, comparing Fig. 3 and Fig.2 one can conclude that for shallow gratings we received sharp minimum, while for the deep gratings we obtain wide minimum. Noteworthy, the reflectivity minimum is of rather general character and exists even for TM polarized wave incidence on unmodulated interfaces,
coincides with the corresponding Fresnel reflection coefficient R ). The corresponding discussion can be found in the textbook [14] . This minimum along with that under discussion is analogous to the reflectivity minimum from dielectric media existing under Brewster angle incidence (when the reflected and transmitted waves are propagating at a right angle), [14] . In view of the fact that for 1 ε ≫ (which is typical for good metals up to the frequencies of the visible range), the normal to the interface component of the wavevector in the metal half-space prevails essentially the tangential one, so the wave in the metal region can be formally considered as orthogonal to the interface. Consequently, under grazing incidence the reflected from the metal wave is approximately orthogonal to the "transmitted" one. In other words, the suppression of the specular reflectivity for TM polarization at grazing incidence is analogous to that at the Brewster angle. Recall, the eff ξ ′ → . Therefore, the effect of the specular reflection suppression under consideration is mainly attributed to the cumulative (both active and radiative) losses maximum, cf. [15, 16] . However, as it is shown below, the point extr β β = corresponds not only to the specular reflection minimum but results in well expressed maximal nonspecular efficiencies along with the active losses maximum. Evidently, if the only propagating diffracted wave is the specular one, then the grazing minimum is with necessity accompanied by maximal absorption. Noteworthy, the reflectance minimum under grazing incidence can correspond to the essential redirection of the energy into the nonspecular diffraction channels corresponding to propagating waves even for shallow gratings. Below this thesis is illustrated for the simplest case when in addition to the specular wave only one diffracted order corresponds to the propagating (outgoing) wave. It can be realized if imaginary. In what follows we consider that 1 β − is of order unity, so that the minus first diffraction order is far from its Rayleigh point. 4 4 Alternative case resulting in strong GA is of interest too, as well as the specific case when GA is accompanied by SPP anomaly relating to some other diffraction order. These cases correspond to the double and combined anomalies and will be considered in forthcoming papers.
It is of interest that normalized intensities of the propagating diffraction orders, ( )
Re 4 Re
present strongly nonmonotonic β functions in accordance with the fast dependence of the subsidiary function introduced, ( )
It is easy to see that 
That is when all intensities of all propagating waves (except the specular one) simultaneously achieve their maximal values at the point 
This property is illustrated in Fig. 4 , where the incident angle dependence of the minus first diffraction order intensity, 1 ρ − , is shown for the geometry of Fig. 1 . cf. point L in Fig. 6 . Evidently, the absorption vanishes if the medium is dissipation free, 0 ξ ′ = . Under rather specific conditions max A can be of order unity, that does not describe general case contrary to the statement in [16] .
For the case shown in Fig. 1 only two diffraction orders correspond to the propagating waves -the specular and the minus first ones. Consider this specific subcase in more detail. Suppose additionally that the grating is harmonic one, i.e., 
In the view of the fact that the specular reflectivity possesses rather expressed minimum, then for relatively low active losses the incoming energy is to be redirected into other propagating waves. The most interesting case that allows obtaining rather strong grazing anomalies presents such one that, To the best of our knowledge, the grazing diffraction anomaly under discussion was not considered earlier.
However, in [6, 15] one can find the related anomalous effect arising for such parameters of the diffraction problem that some diffracted order corresponds to the grazing wave propagating at the specific grazing angle. The anomaly consists of highly enhanced efficiency of this wave accompanied by deep suppression of the specular reflection. It is worth noticing that this grazing wave enhancement (GWE) is related to the problem under consideration by the reciprocity theorem, [17, 18] . Namely, reversing the propagation direction of the minus first order diffracted wave in Fig. 1 we arrive at the reciprocal diffraction problem. In the latter the corresponding minus first order is related to the grazing wave propagating in the opposite direction to the incident wave in the primordial problem. In more detail the reciprocity approach will be discussed in forthcoming papers.
We also illustrate locations of other anomalous diffraction points related to the interface of metal and isotropic dielectric (vacuum, for simplicity). It is convenient to consider the effects in terms of the dimensionless normal component β of the corresponding diffraction order. This quantity can be pure real or pure imaginary belonging to positive half-axis for both cases. The point 
Conclusion.
It is shown that the diffraction of TM polarized wave at the high reflecting gratings under grazing incidence can result in deep suppression of the specular reflection accompanied by considerable redirection of the incoming energy to other propagating diffracted waves. The detailed theoretical analysis of the problem is presented basing on the appropriate analytical approach. The diffraction anomaly considered in the paper is of general character and can take place for other wave types under appropriate conditions (high contrast of the adjacent media properties). In particular, it can be present at the interface of ordinary dielectric media and for left-handed media as well. The analogous anomaly does exist and is well expressed for magnetic high-contrast media interface for TE polarization.
